Acute ethanol (EtOH) administration impairs circadian clock phase-resetting, suggesting a mode for the disruptive effect of alcohol abuse on human circadian rhythms. Here, we extend this research by characterizing the chronobiological effects of chronic alcohol consumption. First, daily profiles of EtOH were measured in the suprachiasmatic nucleus (SCN) and subcutaneously using microdialysis in hamsters drinking EtOH. In both cases, EtOH peaked near lights-off and declined throughout the dark-phase to low day-time levels. Drinking bouts preceded EtOH peaks by ~20 min. Second, hamsters chronically drinking EtOH received a light pulse during the late dark-phase (Zeitgeber time [ZT] 18.5) to induce photic phase-advances. Water controls had shifts of 1.2+0.2 h, while those drinking 10% and 20% EtOH had much reduced shifts (0.5+0.1 h and 0.3+0.1 h, respectively; p<0.001 vs. controls). Third, incremental decreases in light intensity (270 lux to 0.5 lux) were used to explore chronic EtOH effects on photic entrainment and rhythm stability. Activity onset was unaffected by 20% EtOH at all light intensities. Conversely, the 24 h pattern of activity bouts was disrupted by EtOH under all light intensities. Finally, replacement of chronic EtOH with water was used to examine withdrawal effects. Water controls had photic phase-advances of 1.1+0.3 h, while hamsters deprived of EtOH for 2-3 days showed enhanced shifts (2.1+0.3 h; p<0.05 vs. controls). Thus, in chronically-drinking hamsters, brain EtOH levels are sufficient to inhibit photic phase-resetting and disrupt circadian activity. Chronic EtOH did not impair photic entrainment, however its replacement with water potentiated photic phase-resetting.
INTRODUCTION
Ethanol (EtOH) is highly disruptive to mammalian circadian functions, including sleep (5, 18, 32, 33, 50) and rhythms of melatonin (33, 53) , glucocorticoids (2, 49) , thyroid stimulating hormone (13) and body temperature (4, 14, 15, 66) . Moreover, disruptions in hypothalamic-pituitary-adrenal axis function are associated with increased EtOH preference in animal models (49) , and in humans, this may be a risk factor for developing alcoholism and relapse after abstinence (6, 11, 34, 46, 68) . Circadian-based sleep problems are also implicated in the development of alcoholism and in abstinent alcoholics' propensity to relapse (51, 52) . In this regard, it is becoming clear that the brain systems involved with circadian regulation are closely and reciprocally tied to those underlying alcohol abuse, since circadian disorders associated with sleep deprivation, shift work or repeated jet lag can evoke a feedback cycle of circadian rhythm deterioration and reinforcing alcohol self administration (9, 24, 60, 64) . A pivotal role of such circadian-related brain systems in the etiology of alcoholism is underscored by recent studies showing a link between circadian clock genes and an increased drive for alcohol consumption (62) .
The suprachiasmatic nucleus (SCN) located in the anterior hypothalamus is the master circadian clock in mammals, capable of producing and maintaining physiological and behavioral rhythms (28, 42, 56, 57) . Circadian rhythms generated by the SCN are entrained to the daily light-dark cycle via daily phase-resetting mediated by glutamate release from the retinohypothalamic tract into the SCN (23, 27, 29) . Glutamatergic activation of SCN N-methyl-D-aspartate (NMDA) receptors is essential for light-induced phase-shifting to occur (1, 10, 38, 39) . In recent reports we showed that acute EtOH can block such glutamate-induced phase shifts in the SCN in vitro (48) and impair photic phase shifts in vivo (55) . These results are consistent with reports that EtOH decreases glutamate release (41, 44) and inhibits NMDA-evoked ion currents (35) . While not all NMDA receptors are inhibited by EtOH (36, 59, 67) , the NR2B subunit in the ventrolateral SCN, which is the primary subunit of the NMDA receptor complex involved Ruby 4 in photic phase-resetting (43) , is EtOH-sensitive (3) . It is also notable that EtOH-related actions on the NMDA receptor are considered to be central to intoxication, dependence, tolerance, addiction and neuronal damage during withdrawal (7, 8, 20, 26, 31, 63, 65) , and that EtOH's disruption of NMDA receptor-mediated phase-resetting of the circadian clock may be a major factor directly or indirectly underlying these problems.
Our past work has been centered on the effects of acute EtOH application on clock regulation. It is known that chronic, free-choice EtOH drinking disrupts circadian phase-resetting responses to light pulses delivered very late in the dark-phase (ZT 21; 58). However, little is known about the timing of daily EtOH self-administration and the impact of the resultant EtOH pharmacokinetics on photic phase-resetting, entrainment and rhythm stability. The present study was therefore undertaken to explore the actions of chronic EtOH consumption on several critical aspects of circadian clock regulation.
These included characterizations of: 1) the daily pharmacokinetic profiles of EtOH in the SCN and periphery; 2) the in vivo effects of chronic drinking on behavioral activity patterns and photic phase-resetting; 3) the ability of the clock to entrain to a range of light intensities; and 4) withdrawal effects on the photic phase-resetting response. Such information is basic to the understanding of neural mechanisms underlying the disruptive effects of alcohol abuse on the human circadian timing system. Ruby 5 
MATERIALS AND METHODS

Animals
Microdialysis assessment of SCN and systemic EtOH during chronic drinking.
Microdialysis was used to characterize the 24 h profile of EtOH in the SCN of freelybehaving animals maintained on EtOH (10% v/v in their drinking water) as their sole source of fluid for a minimum of 2 wks prior to experimentation. Procedures for microdialysis of the SCN are described elsewhere (17) . Briefly, concentrically-designed microdialysis probes were constructed from 26-gauge stainless steel outer cannula into which was inserted 32-gauge fused silica tubing. Hemicellulose dialysis membrane tubing (12 kDa MW cutoff; 230 µm OD) was secured to the outer cannula with epoxy glue. The active dialysis length was 1.0 mm. The microdialysis probe was targeted stereotaxically to the SCN two days prior to experimentation and site was confirmed histologically from frozen 10 µm sections stained with cresyl violoet after experimentation. Sampling was undertaken over 24 h with a sampling interval of 30 min. The EtOH in microdialysate samples was initially measured using validated gas chromatography procedures (HP-5890A gas chromatograph; internal standard = secondary butanol, initial temperature = 40°C, purge time = 1 min, final temperature = 225°C, final time = 5 min) and later using the Analox AM-1 Alcohol Analyser (Lunenburg, MA). The probe efficiency for EtOH is estimated at ~12% (55) . In a separate trial, simultaneous SCN and subcutaneous microdialysis was carried out in a Ruby 6 single animal to compare the 24 h EtOH drinking profile with brain and peripheral EtOH pharmacokinetic profiles. The hamster was maintained on EtOH (20% v/v in tap water) over a 2 wk period prior to experimentation, and general circadian locomotor activity was measured using an infrared motion detector interfaced with a computerized data acquisition system (Clocklab; Coulbourn Instruments, Whitehall, PA). Drinking was measured using an in-house fabricated system consisting of a sipper tube inserted into a 1.5" length of 1" diameter metal tubing into which a wireless infrared sensor was aimed directly at the sipper tip. Output from the sensor activated by complete insertion of the animal's head to drink was interfaced with the Clocklab system. For dual microdialysis, two probes were implanted in a single surgery, one targeted to the SCN as described above, and the second (CMA Microdialysis, North Chelmsford, MA) implanted subcutaneously in the intrascapular region. Collection of both fractions was undertaken over 24 h with a sampling interval of 30 min. EtOH in the microdialysate samples was measured using the Analox AM-1 Alcohol Analyser. The animals were then were released into DD (with EtOH still provided) to assess phase-shifting using a modified Aschoff Type II procedure (12) . Activity onset was defined as the as the first 15 min activity bout that: 1) exceeded 10% of the maximum rate for the day; 2) was preceeded by a period of at least 4 h of inactivity; and 3) was followed by a period of at least 30 min of sustained activity. Phase-shifts are calculated Ruby 7 as the difference between the projected times of activity onset on the day after stimulation as determined by: 1) back extrapolation of the least squares line through activity onsets on days 3-10 after treatment; and 2) extrapolation of the least squares line calculated from activity onset data collected for a minimum of 7 days prior to treatment.
Effect of chronic EtOH
Effects of chronic EtOH on activity and photic entrainment. Hamsters under LD were
individually caged, and their general circadian locomotor activity rhythms were monitored. Animals in the experimental group received 20% EtOH as their sole source of fluid for a minimum of 2 wk prior to experimentation. Controls received tap water.
Entrainment to LD was assessed over a 4 wk period at each of four successive light levels (270 lux, 25 lux, 5 lux, and 0.5 lux) delivered from overhead fluorescent tubes shielded with aluminum foil in the same cohort of animals. Animals were considered to exhibit stable entrainment to LD when daily activity onsets averaged over 10 days had a rhythm period of 24 h. Assessments of circadian activity were undertaken using activity bout analysis. An activity bout was defined as a period of continuous activity (regardless of duration) separated by at least 10 min of activity quiescence. The quantification of activity bouts during the active period was undertaken by counting the number of bouts between activity onset at lights-off and activity offset (defined as the final 10 min period that was preceeded by at least 60 min of sustained activity and followed by at least 4 h of activity quiescence). Quantification of activity bouts during the rest period was undertaken by counting the number of bouts occurring between activity offset and activity onset. Total bouts represented the number of activity bouts across the 24 h day. These measurements were averaged over a 1 wk period for each animal for each light intensity.
Effect of EtOH deprivation on photic phase-resetting. This experiment was designed to
test whether replacement of EtOH with water after chronic EtOH consumption affects photic circadian clock phase-resetting response. Hamsters under LD were individually Ruby 8 caged, and their general circadian locomotor activity rhythms were monitored for a minimum of 2 wk prior to experimentation. Animals in the experimental group received 20% EtOH as the sole source of fluid for 4 wk. Controls received tap water. After this time, animals in the experimental group received untreated water in lieu of EtOH. After 24 h, 48 h, or 72 h of EtOH deprivation, all groups received a 30 min light pulse (25 lux or 270 lux) at ZT 18.5, and then were released into DD for 2 wk to assess phase-shifting (n=5-6/group).
Statistical Analyses. Differences in behavioral phase-shifts were assessed by ANOVA and then when appropriate by a subsequent Student-Newman-Keul's post hoc mean comparison test. The level of significance was set at p<0.05. Ruby 9 
RESULTS
Daily profiles of SCN and peripheral EtOH during chronic drinking. The histologically verified in vivo microdialysis probe tip locations relative to the SCN are shown in Fig. 1 .
The 24 h pharmacokinetic profile of EtOH in the SCN extracellular fluid compartment as assessed by microdialysis is presented in Fig. 2 . The average amount of EtOH consumed by the hamsters in our experiments was ~13 g/kg/day. Levels of EtOH in the SCN were highest just prior to, and during, the early portion of the dark-phase (ZT 10.5-16), averaging an estimated 13 mM (based on 12% probe efficiency) with a peak concentration of 19 mM (~250% of the daily mean) at ZT 15 (n=4). SCN EtOH declined to lower levels (7 mM) for the remainder of the 24 h period. In a separate trial conducted on one animal, the daily profiles of SCN and subcutaneous EtOH were assessed simultaneously using dual microdialysis probes. These were superimposed with daily drinking and locomotor rhythms (Fig. 3) . The SCN and subcutaneous peaks of EtOH were closely aligned, with highest levels of both occurring during the early portion of the dark-phase (ZT 13-16), with estimated peak concentrations (20 mM and 45 mM, respectively) occurring at ZT 15. Levels of EtOH were lowest throughout the day, although there were peaks associated with sporatic drinking bouts during this period.
Drinking bouts preceded EtOH peaks by 20 min, and each drinking bout increased brain and peripheral EtOH levels for ~2 h. As apparent from Fig. 3 , the effect of multiple drinking bouts spaced over a few hours (i.e. from ZT 12.5 to ZT 15.5) was cumulative, resulting in prolonged elevations in EtOH levels. Figs. 9 & 10) due to some weakly responding outliers (3/17) . Pooling data from the latter 2 groups, however, revealed an overall enhancement during the 2-3 day interval Ruby 11 after withdrawal (n=11; F (1, 15) =4.7; p<0.05 vs. water controls). Animals deprived of EtOH for 2-3 days showed an average phase-advance of 2.07+0.27 h. Ruby 12 
Chronic EtOH inhibition of photic phase-resetting is light intensity-dependent.
DISCUSSION
The central pathways implicated in the development of alcoholism are closely and reciprocally linked to those regulating the circadian clock. For example, malaise associated with sleep deprivation, shift work or repeated jet lag can evoke a destructive, reinforcing cycle of EtOH self administration and circadian clock desynchrony (9, 24, 60, 64) . The clock depends upon photic input for synchrony with the external environment, and this signaling pathway represents a potentially vulnerable target for the disruptive chronobiological effects of alcohol abuse. Evidence supporting this idea comes from recent studies in hamsters and mice where acute EtOH was shown to act directly in the SCN to strongly inhibit photic phase-resetting responses (48, 55) . Here, we extend this work to show that chronic EtOH consumption can disrupt phase-advance shifting in hamsters presented with photic stimuli late in the dark phase, when levels of EtOH measured in the SCN are relatively low. The number and duration of circadian locomotor activity bouts are also affected by this EtOH treatment. These results represent the first lines of evidence that chronic EtOH consumption can affect photic signaling pathways of the hamster circadian clock and also perturb the circadian behavioral activity rhythm.
Chronic EtOH and Photic Circadian Phase Regulation
It is notable that chronic EtOH consumption differentially affected the various circadian timekeeping processes assessed here. In particular, chronic EtOH attenuated the photic phase-advance portion of the hamster photic phase-response curve (PRC) for LD entrainment, but had no apparent effect on entrainment of the locomotor activity rhythm to LD, even at very low light intensities. Normal entrainment during EtOH treatment in hamsters has also been reported in other studies (40) . One explanation for this lack of effect is that the phase-delay portion of the hamster light PRC is insensitive Ruby 13 to acute (55) and chronic EtOH (58; EtOH intake was similar to that in the present study, ~15 g/kg/day). Hence, hamsters having a short τ (thus entraining to LD through phase-delay shifts), would theoretically be capable of entraining to LD. Another possibility, based on the masking effect of light on the sleep-activity rhythm, is that locomotor behavior is suppressed by light and stimulated by darkness, producing a seemingly entrained rhythm irrespective of EtOH-disrupted clock function. While we cannot rule out a masking effect, the demonstration that normal phase-advance shifts to light pulses at ZT 18.5 occur when pulses are administered soon (1 day) after chronic EtOH deprivation (in contrast to the potentiated shifts seen 2-3 days after EtOH deprivation), may reflect intrinsic pacemaker phase entrainment over the course of EtOH administration.
Related to the differential effects of EtOH on photic entrainment is the present observation that chronic EtOH consumption attenuated phase-advances to the lower intensity light pulse of 25 lux, but not to the higher intensity pulse of 270 lux. This inhibitory effect of EtOH at the lower light intensity is consistent with a previous study in hamsters where chronic drinking reduced phase-advance responses to a 20 lux light pulse (58) . The lack of inhibition at 270 lux may have been due to the relatively low concentration of EtOH estimated using microdialysis (~5 mM) in the SCN at the time of the light pulse (ZT 18.5). This could have been insufficient to overcome a strong phaseresetting signal produced by bright light, but adequate to inhibit a weaker signal produced by the 25 lux exposure. The 5 mM concentration is considerably below the 50 mM EtOH concentration present in the SCN after an acute i.p. 2.0 mg/kg EtOH injection, which blocked phase-advance shifts produced by a 270 lux pulse (55) .
Moreover, in the mouse SCN slice, the dose required to block glutamatergic (photic-like) phase-advances was 20-50 mM (48) . Thus the attenuation of photic phase-resetting seems proportionately dependent on both the concentration of EtOH in the SCN during chronic drinking and light intensity. This underscores the importance of considering Ruby 14 time-of-day fluctuations in drinking and ambient light levels when assessing the neurologic effects of EtOH in the circadian system.
Chronic EtOH and Behavioral Activity Patterns
In humans, alcohol abuse is associated with marked disturbances in clock-driven overt behavioral rhythms (5, 6, 18, 32, 33, 50) . In hamsters, our analysis of actogram data over periods of chronic drinking revealed a significant decrease in the number of locomotor bouts during the active period (dark-phase), and an increase in the mean daily bout duration, reflecting a consolidation of locomotor activity, primarily during the active period. Locomotor stimulation in response to low doses of alcohol (and other addictive drugs) is a widely-observed phenomenon related to its rewarding properties (see 47 for review). Consistent with this behavioral effect, we have observed, by combined actogram and drinkometer analyses, that general activity bouts in EtOH drinkers are closely aligned with their drinking rhythms during both the day and the night. This altered locomotor activity may reflect locomotor stimulation due to EtOH consumption, or it may reflect increased motivation to access EtOH.
EtOH Withdrawal Effects on Circadian Photic Phase-Resetting
Chronic EtOH is thought to inhibit SCN NMDA receptor-mediated photic signaling (48, 55, 58) , and it is hypothesized that this could lead to a subsequent upregulation of photic phase-resetting upon EtOH withdrawal. However, this response was not evident in groups tested separately after 1, 2, or 3 days of withdrawal. It is known that hamsters do not become physically dependent on EtOH (37), and do not display typical signs of withdrawal, such as handling-induced convulsions. Such seizures are likely based on disinhibition of glutamatergic signaling following cessation of EtOH consumption, and in particular, the upregulation of central glutamate NMDA receptors in response to chronic inhibition by EtOH (30, 61, 65) . The hamsters' lack of withdrawal convulsions indicate Ruby 15 that this may not occur. On the other hand, the finding that chronic EtOH attenuates glutamate-mediated photic signaling in the SCN is evidence that NMDA receptor response is inhibited by EtOH consumption, and therefore some degree of withdrawalrelated upregulation might exist. This is consistent with observations in the groups withdrawn from EtOH for 2 and 3 days, where the combined phase-advancing response was ~60% greater than that of the water controls (but variable due to inclusion of some weakly-responding outliers). Notably, by pooling these timepoints (which were not statistically different), a potentiation is evident (p<0.05 vs. water controls). The reason for the lack of this effect on the first day of EtOH deprivation is unclear, but could relate to a time-lag for complete clearance of EtOH following its long-term consumption.
Collectively, these data indicate that although central glutamatergic potentiation during EtOH withdrawal may be too low to produce convulsions in hamsters, it may be sufficient to enhance low intensity (25 lux) photic phase-resetting in some, but not all individuals. These observations are also consistent with human studies reporting persistent circadian-related deficits long after alcohol consumption has ceased (5, 6, 34, 54) .
Circadian Pharmacokinetic Profile of SCN EtOH
This study represents the first characterization of the 24 h profile of brain EtOH assessed using microdialysis concomitantly with circadian locomotor and drinking measurements in freely-behaving animals. This pharmacokinetic analysis provides a basis for exploring the effects of EtOH on circadian timing. Here, the daily profile of EtOH in the SCN of chronically drinking hamsters was characterized to compare brain EtOH concentrations in the hamster with other experimental animal models and to provide information on EtOH levels during light pulse administration. The estimated peak level of EtOH (~19 mM) in the hamster SCN occurred during the early dark-phase (ZT 15). This concentration is comparable those estimated using microdialysis in the Ruby 16 nucleus accumbens of Wistar and Alko Alcohol (AA) rats (~16 mM and 14 mM, respectively; 45) and the estimated ~12 mM peak in the mouse nucleus accumbens (25) during voluntary limited access drinking. Interestingly, relatively low levels of EtOH (~5 mM) are present in the hamster SCN at ZT 18.5, which is near the acrophase of the phase-advancing portion of the photic PRC, and when the phase-advancing light pulses were administered. It is notable that these EtOH levels are sufficient to strongly inhibit photic shifting using lower intensity 25 lux light pulses as discussed above. Although not related to SCN function per se, similar levels of EtOH enhance dopamine release in the nucleus accumbens (16) , confirming that low concentrations of EtOH can effectively disrupt neurophysiological functions throughout the brain.
Simultaneous measurements of the daily patterns of SCN and subcutaneous
EtOH, drinking and general locomotor activity were undertaken in a separate experiment to correlate EtOH pharmacokinetics with circadian behavior. The data are from an animal that exhibited normal overt behaviors throughout the experiment, and are considered representative. Subcutaneous, rather than blood sampling of EtOH was used as it is less invasive, and follows a similar time-course (19) . Several points are evident from this trial. First, drinking bouts are temporally matched with clustered locomotor activity bouts. Second, there is approximately a 20 min latency between a drinking episode and rises in tissue EtOH. Third, the intensity and duration of a drinking bout is proportionate to the size of the ensuing EtOH peak, which is consistent with previous studies (21, 22, 25) . Fourth, while the temporal profiles of SCN and subcutaneous EtOH are essentially identical, the subcutaneous peaks are 2-3 times as large as those in the SCN. Fifth, the effect of multiple drinking bouts spaced over a few hours is cumulative, resulting in a prolonged presence of EtOH in the brain and periphery. Notably, from this analysis, EtOH is continuously present to varying degrees in these compartments in hamsters given EtOH as the sole fluid source. The highly Ruby 17 dynamic nature of the daily EtOH profile also underscores the potential risk of using single blood samples as an index of general BAC in chronically drinking animals.
Perspectives and Significance
Chronic EtOH has adverse effects on circadian clock regulation in the Syrian hamster, with some functions affected to a greater extent (e.g. photic phase-advance shifting) than others (e.g. entrainment to LD). These differences may be related to time-of-day differences in SCN EtOH concentration, differential EtOH effects on the light PRC and/or tolerance. Nevertheless, it is apparent that long-term drinking is disruptive to photic phase-resetting and circadian activity patterns even at relatively low brain EtOH concentrations, and that withdrawal effects, which may not be immediately evident in hamsters, are indeed manifest in the circadian system by persistent disruption of photic phase-resetting. These results underscore the importance of understanding the pharmacokinetics of EtOH when assessing the effects of drinking on circadian timing and other homeostatic functions. Under a 270 lux LD photocycle (left), EtOH decreases the number of activity bouts Ruby 29 during the night. Under a 0.5 lux LD photocycle (right), the number of activity bouts is unaffected by EtOH consumption. Bars represent means + SEM. For each light intensity, bars with different letters are significantly different (P < 0.05). 
GRANTS
